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CHAPTER I 
INTRODUCTION 
A .  General 
Soil is one of the most basic materials used by an engineer. In 
virtually every civil engineering problem, whether it be design or 
construction, the effect of the soil on the project must be carefully 
considered. This is evident in the construction of airfields, high­
ways, embankments and other engineering works, which necessitate the 
excavation, transportation, and placement of soil . Since soil provides 
a foundation for many projects and the total facility for others, com­
plete understanding of this area is essential for the development of 
a good plan or design. 
Unfortunately, soils in many parts of the world are too weak and 
unstable to adequately perform as a good engineering material. Despite 
their inadequacy, many of these materials must be used in engineering 
construction, because it is economically unfeasible to bypass or 
replace them. 
To correct for the deficiency of soil strength in cases such as 
these, the soil must be stabilized . Various methods of soil stabili­
zation are currently used, but the most common and most useful method 
is that of soil compaction. The compaction process itself consists of 
increasing the density of soils by varying the water content until the 
maxiinum density has been achieved, thereby providing the greatest 
stability. For most soils collmonly encountered in earth construction, 
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a single peak has resulted in the dry density versus moisture content 
relationship (Figure 1). In contrast to this, some soils have been 
shown to produce compaction curves with two peaks or a curve which is 
irregularly shaped (Figure 2). An explanation for the appearance of 
these irregularly shaped curves has never been given in connection 
with an experimental investigation. Only attempts to hypothesize this 
phenomena have been provided. Because of this limited information, the 
existing theories of compaction have not been extended to explain these 
irregular curves. 
Even though the compaction process itself is only poorly under­
stood, it has been known for some time that water plays an extremely 
important part, especiall y  in the area of fine grained, cohesive soils. 
The effect of water on the single peak.compaction curve is included in 
some of the basic theories of compaction. However, the extension of 
this discussion, to explain the effect of water on irregular compaction 
curves is limited and incomplete. TherGfore, a laboratory investiga­
tion is needed to analyze irregularly shaped compaction curves in 
detail. 
B. Theoretical Background of Co�paction Curves 
As with any engineering problem, theories have_been proposed to 
explain compaction curves of soils. A compaction curve theory attempts 
to explain the effects of �ater on the dry density of soils as the 
water content is gradually increased. Presently, four theories have 
been proposed to explain compaction curve results. 
,- ---·1 
Moisture Content - % 
Figure 1. Typical Single Peak 
Compaction Curve. 
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Moisture Content - % 
Figure 2. Irregular Compaction Curves. 
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Proctor's capillarity and lubrication theory (1) concludes that 
moisture has two definite effects on the soil. The first effect, con­
cerned with extremely low water contents, is that of capillarity. At 
this point the soil particles, surrounded by small thin films of 
moisture, produce a high resistance due to the capillary forces in­
volved. A high resistance corresponds to a high shear strength which 
is directly related to a low dry density. 
The second effect-is one of lubrication. Proctor concludes that 
when sufficient water is added, lubrication of the particles begins, 
which reduces the interparticle friction and shearing strength. This 
enables the particles to slide over one �nether more easily during 
compaction and causes a corresponding increase in dry density. The 
dry density increases until the optimum water content is reached, ·after 
which water begins to replace soil particles causing a decrease in dry 
density. Even though Proctor mentions both effects, lubrication is 
emphasized to a greater degree, and becomes the substantial portion of 
his theory. 
Hogentogler's viscous water theory (2) proposes that water is ab­
sorbed onto a soil particle in layers. He postulates that cohesiveness 
of water decreases as distance from the particle increases. Therefore, 
at very low water contents, the thickness of the water layers is small, 
so the water is very viscous causing a high shear strength and low 
density. As more w2ter is added cohesiveness decreases and dry density 
increases. However, this hypothesis can only be applied to extremely 
low v12ter contents. The small region over which this theory applies 
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ends upon reaching the lubrication point, after which additional water 
lubricates the soil particles to cause an increased dry density. The 
maximum amount of lubrication then occurs at the optimum water content. 
Lambe's physico-chemical theory (3) is based on surface chemical 
theories. He theorizes that at low water contents, the electrolyte 
concentration in the pore water is high. This reduces the interparti­
cle repulsion and causes flocculation of the particles. Flocculation 
corresponds to low particle orientation and a low dry density. Addi­
tional water decreases the electrolyte concentration thereby reducing 
the flocculation and causing an increased dry density. He describes 
this effect as one of lubrication. 
The most recent compaction curve theory is that of R. E. Olson's 
effective stress theory (4). He inter�rets the analysis of effective 
stress on the compaction curve in two parts. On the dry side of optimum 
moisture content, he reasons the effective stresses are small and the 
soil is weak. At this relatively dry state, the dry density of the 
soil is small and pore pressure has almost no effect on effective 
stress. However, as water is added to the soil, pore pressure becomes 
much greater which causes a decrease in effective stress. A decrease 
in effective stress reduces the shearing strength of the soil and 
allows the particles to slide over one another, thus increasing the dry 
density. He reasons that after the load is released, the densified 
condition of the soil is preserved by the residual lateral stresses and 
by the development of negative pore-\f'.'a ter pressure. This process then 
continues until the maximum dry density is achieved. One of the prob­
lems Olson encounters in his the-ory is that on the wet side of optimum, 
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the soil still develops enough strength to resist the foot pressure 
which should have caused another increase in dry density. However, a 
decrease in dry density is always noted beyond the optimum water con­
tent. Olson explains this fact by reasoning that the soil resists the 
same foot pressure, even though the shearing strength decreases, be­
cause of the additional penetration of the compaction ram. 
It should be carefully noted that the preceding theories were 
developed on the basis of only a single peak compaction curve. Several 
shapes have since been observed to which the preceding theories have 
not been applied (4, 5, 6, 7). Olson notes this when he explains that 
the effective stress theory can only be applied to the peak at the 
higher water content. The double peak curves noted by Olson resulted 
from the kneading compaction of an illitic clay. Recognizing these 
curves, Olson also presented a tentative explanation for the appearance 
of these curves, even though there was a definite lack of laboratory 
investigation. To explain the first peak at the lower water content 
in the double peak compaction curve, Olson reasons that when the. soil 
is dry, high surface friction is present, resulting in high shear 
strength and a low dry density. As water is added, the effect is one 
of lubrication, thereby increasing the dry density. At this point 
water menisci also begin to form, tending to increase the soil strength 
by providing more particle interference. The balance point between 
lubrication and the formatjon of water menisci then occurs at the peak 
point of the low water content curve. Additional water results in more 
mer.isci causing an increas2 in effective stress and a decrease in dry 
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density because less particle interference is required to resist the 
applied pressure. �'hen all the possible menisci have developed, the 
minimum point between the two compaction peaks is reached. Olson then 
reasons that additional water reduces the pressure differential across 
the menisci, whereupon the effective stress considerations should begin 
to apply. With only limited data available, Olson proposed that the 
double peak curve could only form in soils containing a dominant per­
centage of plate-shaped colloidal particles . 
Additional research in this area is R. J .  Suedkamp's work (5) on 
characteristics of irregularly shaped compaction curves. Suedkamp in­
vestigated 34 different soils possessing a wide range of characteris­
tics and identified the compaction curve for each (Table 1) . By mixing 
different portions of commercially available soils, he was able to ob­
tain a large va�iety of soil characteristics in his samples . The com­
paction curve for each sample was then produced by the Standard AASHO 
compaction test, Designation T99-57. The results he obtained are quite 
revealing . Suedkarnp found that samples tested with a liquid limit 
between 30 and 70 usually yield the typical single peak compaction 
curve. Samples with a liquid limit of less than 30 and greater than 70 
usually produce irregularly shaped curves. There are only a few ex­
ceptions to this rule, probably caused by the mineral constituents of 
the specific samples. The classification breakdown is shown in 
Figure 3. 
TABLE 1 
Selected Soil Samples 
Sample Sand a Montmoril- Illini tee Kaolinite d 
No. Percentage loni teb Per- Per-
(6 
·r.-1 
* 8 
9 
�o 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
'2J 
22 
23 
24 
25 
26 
27 
-')!.-Lb 
')0 ·/-,,, 7'"30 
31 
*'32 
._33 
7
34 
0 
0 
0 
100 
0 
50 
25 
25 
50 
25 
0 
25 
25 
0 
50 
50 
25 
0 
50 
50 
0 
0 
85 
85 
85 
60 
75 
75 
Percentage centage 
0 
0 
100 
0 
50 
50 
0 
25 
25 
50 
50 
0 
50 
0 
25 
0 
25 
25 
0 
0 
25 
50 
15 
0 
0 
0 
0 
0 
0 
100 
0 
0 
0 
0 
50 
50 
0 
25 
50 
25 
0 
50 
25 
25 
0 
25 
50 
0 
50 
25 
0 
15 
0 
10 
0 
25 
Pierre Bentonite 
Oregon Clay - Gray 
Washin�ton Clay - Red 
Texas Clay - Light Brown 
Pierre Shale - Sample #1 
Pierre Shale - Sample #2 
centage 
100 
·o 
0 
0 
50 
0 
25 
0 
25 
0 
0 
50 
25 
50 
0 
25 
50 
50 
0 
50 
25 
25 
0 
0 
15 
30 
25 
0 
Natura 1 Soil 
Natura 1 Soil 
Natural Soil 
Natural Soil 
Natural Soil 
Natural Soil 
35 
51 
548 
0 
226 
230 
40 
102 
117 
172 
170 
30 
161 
43 
72 
22 
112 
90 
27 
18 
105 
196 
51 
13 
11 
18 
13 
17 
310 
72 
3G 
82 
68 
110 
P.I. 
5 
21 
500 
NP 
174 
198 
19 
78 
106 
142 
129 
6 
132 
16 
50 
5 
86 
57 
3 
4 
73 
157 
26 
NP 
NP 
4 
NP 
NP 
244 
32 
8 
47 
29 
66 
8 
�Pure sand obtained locally. 
Bentonite obtained from Baroid Div. of Nat. Lead Co. , Houston, Texas. 
�Grundite obtained from Green Refractionery Co. , Morris, Illinois. 
Clay hydri te - 121 obtained from Thompson - Hayv,1ard Chemical Co. , 
Kansas City, Kansas. 
*used for pore pressure measurement. 
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Figure 3. A classification of compaction curves produced by 
R. J. Suedkamp . 
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c. Object and Scope 
At the present time Olson's hypothesis appears logical. If the 
hypothesis is correct, the results of this research should provide 
experimental verification of his proposal. Consequently, using the 
presented facts as an outline, research was carried out at South Dakota 
State University, sponsored by the National Science Foundation, to 
carefully examine irregularly shaped compaction curves. The objective 
of the investigation was three-fold: (1) to examine the influence of 
negative pore pressure on the irregularly shaped compaction curve by 
pore pressure measurements; and (2) to correlate pore pressure measure­
ments with experiments using a surface tension reducing agent together 
with water; and (3) to examine the characteristics of soils upon which 
negative pore pressure has an influence. 
The results of this study should explain the effects of negative 
pore water pressure on the irregularly shaped compaction curve. This 
should be confirmed by both pore pressure measurements and surface 
tension experiments. This information could then be used<to extend the 
compaction curve theories to cover irregularly shaped compaction curves. 
CHAPTER II 
LABORATORY INVESTIGATION 
A. Soil Test Specimens 
To adeqJately investigate the influence of negative pore pressure 
on the irregularly shaped curve, several types of curves had to be 
compared. For this reason the selection of soil samples was of extreme 
importance and had to include soils with a wide variance of character­
istics as well as compaction curves. Needing the approximate com­
paction curves before a good start could be made, thorough use was made 
of Suedkamp's paper on irregularly shaped curves. Noting his classifi­
cation scheme of soils according to their compaction curve characteris­
tics, and knowing the compaction curve for each soil had been identi­
fied, it was possible to make a good selection of soils for investiga­
tion. A few of these soils were soils found in nature, and others were 
combinations of kaolinite, montrnorilloni te, il li te, quartz, and felspar, 
so that the exact percentages of each mineral could be known. Since 
these materials include over ninety per cent of all soils found in 
nature, this selection of minerals adequately provided a good analogy to 
natural soils, and provided maximum information about the constitution 
of the soil samples . 
As a result, several soil samples were selected, both natural and 
combined, for negative pore pressure investigation. Selected samples 
are shown in Table 1 .  
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B. Testing Pr(�edure 
In the compaction process, a large variety of factors influence 
test results to some degree (8). These include the type and magnitude 
of compaction effort, size and shape of the mold, type of support for 
the mold, depth of compacted soil, and soil preparation methods. 
Therefore, in an effort to provide a good degree of comparison, and 
to eliminate variable factors, standard procedures are specified for 
soil compaction. 
At the present time, one method frequently used is Standard AASHO 
Designation: 199-57, also known as ASTM Designation: D698-70. Using 
this method, which is a substantial portion of this research, soil 
passing a No. 4 sieve (4.76 mm) is compacted in a 4 inch diameter mold 
by dropping a 5.5 pound hammer from a height of 12 inches, 25 times per 
iayer, for 3 layers in the 6 inch high mold. 
A second method used for compaction is the Standard Kneading Com­
paction Test, referred to as AASH0 Designation: Tl73-56. In this 
method, the 4 inch diameter, 6 inch high mold, is filled in 20 incre­
ments using one application of the load per increment, with the pres­
sure maintained for one-half second. Following this, an additional 100 
repetitions of the load are used to further compact the soil . The only 
modification to this test was that 200 pounds per square inch was used 
as a compaction pressure rather than 350 pounds per square inch. This 
pressure was used because it produced compaction curves similar in 
shape and position to compaction curves produced with the st3ndard 
dynamic compactor. 
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Soil samples were prepared by thoroughly mixing water with the 
soil, in increments of two or three per cent. Small variations were 
needed because this research was most concerned with the peak at the 
lower water content. Following compaction, the moisture content of 
each sample was determined by taking a representative sample from one 
of the cut faces and drying it at a temperature of 230 ± 9 degrees 
fahrenhei t. 
Pore pressure and total stress measurements were then taken using 
the equipment noted in part C. 
To correlate pore pressure measurements with surface tension 
experiments, aerosol-AY (100 per cent) was used to reduce the surface 
tension of water by 55 per cent. This consisted of mixing two per cent 
aerosol, by weight, with water. 
Moisture density relationships were then determined by plotting 
dry densities on the ordinate and corresponding moisture contents on 
the absicissas. The curves connecting these points were then drawn. 
C. Test Apparatus 
In addition to the standard compaction devices employed, addition-
al equipment was needed to make a comparison of pore pressure and total 
stress (Figure 4) . Even though the manual kneading compactor from 
Soiltest, Incorporated, was used to produce a steady and uniform load, 
a special base plate was ne�ded through which pore pressure and total 
stress could be measured. Since no commerci2l device was available for 
this purpose, the base plate was designed from a modification of 
265589 
soun. DAKOTA STAlE UNIVERS1TY 
L1 RAt-
Figuri 4 . Test Apparatus Used in Pore Pressure Measurement . I-' 
� 
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McRae's device (6) , and built in the Civil Engineering Laboratories 
at SDSU. Into one insert in the base plate a dense sand package was 
placed, and connected by means of copper tubing to a Pace variable 
reluctance pressure transducer, Model P7, with a capacity of from 0 
to± 500 pounds per square inch, from Pace Wianco Corporation. Through 
a hole in the center of the base place, a Baldwin SR-4 load cell (ca­
pacity of 10,000 pounds) , from BLH Ele�tronics in Waltham, Massachu­
setts, was connected to take measurements of total stress as the soil 
was compacted. Rubber membranes were used in necessary places to in­
sure that pore pressure leakage, either air or water, was prevented. 
Varian Strip Chart Recorders, Model G-14A-l, from Varian Associates of 
Palo Alto, California, were used to insure that the stresses measured 
were those recorded. A schematic is shown in Figure 5. 
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Figure 5. Schematic Drawing· of Test Apparatus. 
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CHAPTER III 
DISCUSSION OF TEST RESULTS 
A .  Analysis of Irregular Compaction Curves 
In Suedkamp's paper on irregular compaction curves, three com­
paction curve regions are established (Figure 3) . Irregularly shaped 
compaction curves exist in the region below a liquid limit of 30, as 
well as in the region with a liquid limit above 70 . These approximate 
limitations provide an excellent, simple classification system to aid 
in the development and investigation of pore pressure measurement . 
In addition to this, Suedkamp also notes that four basic types of 
curves exist (Figure 6) . His results indicate a typical single peak. 
compaction curve (Type A), a one-and-one-half peak curve (Type B), a 
double peak curve (Type C), and an oddly shaped curve (Type D). 
In the investigation of pore pressure measurements, it is neces­
sary to include these previous results as they bear a direct relation­
ship to the results of this paper . 
B. Measurement of Pore Pressure and To�l Stress 
In the lower region shown in Figure 3, research shows that basi­
cally two types of compaction curves are present . The first is a one­
and-one-half peak curve and the second is a double peak curve. 
Characteristic of the one-and -one-half peak curve is that of sandy 
soils (Figure 7). vJhen pore pressure is recorded as a percentage of 
total stress, results indicate that pore pressure is zero per cent for 
TYPE A 
tP \ \\ 
''o 
\ 0 
\ 0 
\0-
\ 
\ 
\ 
\ 
\ 
l __ --------
_Moisture Content - % 
Single Peak Curve. 
TYPE C 
Moisture Content - J6 
Double Peak Curve. 
TYPE B 
\� 
\ y> 
'0 
\ 0 
\ cf?.­
\ 
\ 
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Moisture Content - % 
One-and-One Half Peak Curve. 
TYPE D 
tf) 
\ \\ 
\ y' 
\ 0 
\0 
Moisture Content - % 
Oddly Shaped Curve. 
Figure 6. Four Types of Compaction Curves Found From the 
Laboratory Investigation of R. J. Suedkamp. 
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more than one-half of the curve, and then gradually increases to 
slightly over one per cent of the total stress. These figures show 
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that pore pressure has a negligible effect on soils such as sand with 
an extremely low liquid limit. Because the ·existing pore pressure has 
a negligible effect on effective stress, the cause of the one-and-one­
half peak curve must be the result of other factors. Most probable of 
these factors is Horn's principle of antilubrication (7) . His obser­
vations show that water is indeed an antilubricant for three dimension­
al silicates such as quartz and felspar. The antilubrication effect of 
water at low water contents would produce additional frictional resis­
tance to compaction, and would explain the noted decrease in dry den­
sity. Since the large pore size of sand produces very small capillarity 
effects, the dominance of antilubrication is expected and results con­
firm this. Thus, antilubrication appears to be the major factor in this 
type of soil as the effects of pore pressure are almost nonexistent. 
The second type of curve noted in the lowest region is the double 
peak curve produced from combinations of sand, kaolinite, and illite 
(Figures 8, 9) . Pore pressure measurements for these soils reveal quite 
different results from those of pure sand. At extremely low water con­
tents pore pressure is zero per cent as expected, and then increases 
to about two per cent at the first.peak in the double peak compaction 
curve. However, as the dry density of the soil decreases, a corres­
ponding decrease in pore pressure percentage is noted which again in­
creases as movement into the second peak is recorded. At this point 
it must be emphasized that the por2 pressure percentages shown cannot 
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be regarded as absolute, but must be analyzed considering their rela­
tive values only. Absolute· values would require more sophisticated 
equipment than was available. Even so, it is evident in this type of 
compaction curve that pore pressure plays an important part. These 
results would tend to indicate that Olson's hypothesis concerning 
double peak compaction curves is indeed correct. Lubrication of soil 
particles evidently causes the first peak after which a decrease in 
I 
pore pressure, caused by surface tension, increases the effective 
stress and decreases the dry density, because less particle interfer­
ence is required to resist the applied pressure. Thereafter the ef­
fective stress theory would apply to the second pe9k of the double peak 
compaction curve. 
The middle region of Figure 3 consists primarily of the typical 
singl e peak compaction curve. One soil was selected which produced a 
typical single peak curve .(Figure 10) . Results show that pore pressure 
again is zero per cent at extremely low water contents and then gradu­
ally increases as the dry density increases. No decrease in pore pres­
sure as the water content increases is noted in this type of curve. 
These results would again tend to verify Olson ' s effective stress 
theory of soil compaction . Since pore pressure graduall y  increases as 
travel up the peak continues , effective stress gradually decreases which 
corresponds to a decrease in shear strength and an increase in dry den� 
sity. Increases in pore pressure percentage are also noted beyond the 
maximum dry density . At first thought, this may seem a probabl e cause 
for another increase in dry density. However, as Olson noted , this 
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factor is not dominant becaus� even though the soil can develop enough 
strength to resist the pressure, additional soil penetration by the 
compaction ram causes a decrease in dry density . This results in the 
typical single peak compaction curve shown. 
The third region of Figure 3 above a liquid limit of 70 again 
consists of irregularly shaped compaction curves ( Figures 11, 12, 13). 
As shown in Figure 11, pierre shal e produces a double peak ccmpaction 
curve similar to the double peak curves noted below a liquid limit of 
30. As the pore pressure results are similar in both cases , the pre­
vious explanation would  also apply in this case . However, the other 
two soils in this region produce curves similar to double peak curves 
but are not distinct . Even so, pore pressure measurements indicate a 
severe decrease in pore pressure percentage in the small depression 
between the two peaks . As explained previously, results such as this 
should indicate a distinct depression between two peaks, but no sig­
nificant depression is noted . Reasons for this phenomena in all 
probability are numerous but the most logical explanation would con­
sider the physico- chemical characteristics of the minerals present �  
Suedkamp notes tha t highly irregular curves with a high liquid limit 
that he obtained, all contain at least 25 per cent montmorilloni te. 
Since montmorillonite has a surface area ten times higher than most oth­
er clay mineral s, this woJld tend to verify the fact that physico­
chemica l prope=ties are dominant in highly cohesive soils . Suedkamp 
concludes in his pa per that the properties of a c lay are determined 
fundamentally by the physico-chemical characteristics of the mineral 
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constituents present. Since this region typifies the characteristics 
of clays, it would seem that this would explain the given results. 
Thus, even though pore pressure measurements indicate a double peak 
curve, physico-chemical properties seem to be the controlling factor in 
the shaping of irregul ar compaction curves of this region. 
Also characteristic of the third �egion of Figure 3 are many 
irregularly shaped curves which exhibit no definite curve character­
istics (Figure 14). As would be expected , pore pressure percentages 
gradual ly increase as water content increases. However, as before, 
physico-chemical properties appear to be dominant in the shaping of 
soiis such as these with an extremely high l iquid limit . 
The preceding soils were al l prep�red for measurement with a 
dynamic compactor. Tests were also conducted using a kneading com­
pactor to prepare the samples. Measurements on double peak curves 
show similar resul ts in both methods of compaction (Figures 15, 16) .  
Although the absolute values have changed sl ightly,  the relative com­
parison of the two methods is the same . Thus, the explanation for the 
appearance of the double  peak compaction curve, given previously,  would  
also apply to  soils compacted with a kneading device. 
C. Reduction o f  Surface Tension of Water by Aerosol 
The ability of pore pressure to decrease as the water content is 
increa sed, is directly related to the surface tension in the water. 
Surface tension causes water menisci to form which acts as a form of 
bond between the soi l particles. Thi s  tends to cause more  interparti cle  
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friction and a lower dry density, thus causing the depression noted 
between the two peaks in the double peak compaction curve. However, 
if aerosol-AY, a surface tension reducing agent, is introduced to the 
water, the shape of the double peak curve should be altered . Such is 
the case. 
After aerosol is introduced into the water, causing a 55 per cent 
reduction in surface tension, notable changes in the shapes of the 
double peak compaction curves are observed (Figures 8, 9, 1 1 ,  1 2 ) .  In 
each case the double peak curve changes to produce a single peak com­
paction curve or a close resemblance to it. Pore pressure values also 
change to correspond with a single peak curve . After aerosol-Ay is 
introduced to the soil, no decrease in pore pressure is noted, and a , 
single peak curve is produced. 3ince pore pressure is directly related 
to surface tension, this again verifies the fact that pore pressure, or 
negative pore pressure caused by surface tension, is the dominant 
factor in the formJtion of the double peak compaction curve. 
D. Residual Stress Considerations 
After 2 load on a soil is released during the compaction test, some 
residual stress is left in the soil, depending on the type of soil used, 
to attempt to keep the soil rigid. Measuring the residual pore pres­
sure is one method of gaining information about residual stress. These 
measurements were taken at different water contents in the soil and 
after different periods of elapsed time. The results in Table 2 
indica te that in sandy soils no residual pore pressure remains 
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TABLE 2 
Residual Stress Summary 
Water Initial Pressure Pressure Pressure 
Sample Content Pore after one after one after five 
No. (%) Pressure second minute hours 
(psi) (psi) (psi) (psi) 
1 . 84 0. 84 0 o . oo o . oo 
28 6. 91 0. 24 0 o . oo o . oo 
11. 57 3. 40 0 o . oo o . oo 
0. 96 2. 28 0 o . oo o . oo 
27 4. 57 0. 80 0 o . oo o . oo 
9. 12 2. 40 0 o . oo o . oo 
4. 67 o . oo 0 o . oo o . oo 
4 6. 96 0. 04 0 o . oo 0. 00 
13. 05 0. 56 0 o . oo o . oo 
29 50. 00 4. 32 4. 00 0. 36  c. 20 
34 41 - 93 4 - 96 4. 72 0.16 0 . 12 
7 23. 72 5 . 76 3. 82 0. 32 0. 24 
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immediately after the load is released because the high permeability 
of the soils allows the pressure to escape. However, residual pore 
pressure did remain in the clayey soils indicating a continuance of 
rigidity after the load is released . 
CHAPTER IV 
SUMfVlARY AND CONCLUSIONS 
After a considerable a mount of tests were compieted on soils ex­
hibiting a wide range of characteristics, it is now established that 
pore pressure has a definite effect on the shaping of compaction 
curves , depending upon the type of soil involved. The extent of pore 
pressure influence is dependent upon several factors. 
1. In pure sand, with an extremely low water content, pore 
pressure has a negligible effect on the shaping of this 
particular compaction curve. Since pore pressure infl u­
ence is almost nonexistent, the causes for the appearance 
of the one-and-one-half peak curve must be from some other 
determining factor. The answer lies in the antil ubrication 
principle proposed by Horn. In soils forming a one-and­
one-half peak with an extremely low liquid limit, small 
additions of water when the soil is dry tend to have an 
antilubricating effect, thus increasing the shear strength 
of the soil . Additional soil shear strength tends to re­
sist the compaction process thereby ca using a reduction in 
dry density as is experienced. Therefore, in soils forming 
a one-and -one-half peak compaction curve , the dominant factcr 
in the shaping of the first par t of the curve is that of 
antilubrica tion. 
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2. As the liquid limit of sand is increased by the addition of 
a_ clay mineral, such as kaol inite or illite, results indicate 
that a double peak compaction curve is formed. In a double 
peak compaction curve of this nature, pore pressure plays an 
extremely important part in the shaping of  the curve. Olson's 
hypothesis a ppears to be correct for the double peak com­
paction curve. The lubrication forces initially at work in 
the soil are subsequently balanced by the formation of water 
menisci which is caused by surface tension. An increase in 
the development of water menisci then increases the effective 
stress of the soil, thus resisting soil compaction and causing 
a decrease in dry density between the two peaks. The minimum 
point between the two peaks is then produced by the maximum 
amount of water menisci which can form. Thereafter, the 
effective stress theory would control the second peak noted. 
Therefore ,- in the double peak compaction curve formed at low 
liquid limits, pore pressure is the dominant factor in the 
shaping of  the first part of the curve. 
3 .  Typica l single peak compaction curves appear between the ap­
proximate liquid limit boundaries of 30 and 70. I n  the for­
mation of this curve negative pore pressure does not balance 
the lubrication effect so only one peak is formed. Therefore, 
pore pressure is an influencing factor only to the extent 
that it has an influence on the effective stress theory which 
is applica ble for the single peak curve. In single peak 
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curves, pore pressure gradually increases causing a decrease 
in effective stress. This enables the soil particles to slide 
over one another more easily during compaction and results in 
an  increased dry density. The effective stress theory alone 
adequately explains the single peak compaction curve. 
4 .  In soils with a liquid limit greater than 70, both double peak 
curves and oddly shaped curves are present. In the formation 
of these curves pore pressure plays a part but is not the 
dominant factor as it is in soils with low liquid limits. 
Even though pore pressure variances are sometimes present, the 
dominant factor in the shaping of these curves is the physico­
chemical makeup of the individual soil present. This is shown 
to be evident when montrnorillonite, with an extremely high 
surface area, is involved in a soil. Thus , it is the physico­
chemical characteristics of a soil that determine the shape of 
the compaction curve in highly cohesive soils. 
5. When a surface tension reducing agent, such as aerosol-AV, is 
added to the water in a soil, the shape of the double peak 
compaction curve will definitely be altered . Surface tension 
has been shown to cause reduction in pore pressures thus caus­
ing the depression between the two peaks. However, if the 
surface tension of the water is reduced considerably, the 
effect will be that of changing a double peak curve to a 
single peak curve, or a cl ose resemblance to a single peak 
curve. This is a definite verification of  the direct 
relationship between surface tension and pore pressure, or 
more exactly, negative pore pressure. 
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6. Pore pressure measurements can be used to provide further in­
sight into the phenomena of residual stress. During the com­
paction process, residual stress in soils with a low liquid 
limit is zero or almost zero. However, as the l iquid limit 
of a soil is increased, residual stress becomes more predomin­
ant because the fine clay particles tend to hold the pressure 
at some level above zero even after long periods of time. 
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